This paper presents a new satellite communication system that can provide efficient use of the frequency resource and the transmitted power. The system incorporates a re-configurable 16-QAM modulation scheme and a phased array power combining technology. It also presents the effects of forward error correction coding (FEC) on nonlinear distortion and the theoretical studies on the signal transmission characteristics of the system and the investigation results compared with the conventional systems. It was found from this study that the new superposed 16-QAM system shows better performance than that of the conventional system on the nonlinear transmission channel usually observed in such a power amplifier. This unique configuration enables the reliable transmission of higher data rates with the efficient use of the power and the bandwidth.
Introduction
In the progress of advancing information technology and public demand for fast, low cost and ubiquitous access to multimedia information, intensive efforts are being made to build a broadband infrastructure. The ultimate goal is to ensure that users will have high-speed access to Internet, anytime, anywhere, at reasonable cost. Satellite systems can construct such a broadband access system, more easily, more rapidly in much wider area, compared with other systems, such as fiber-to-the-home (FTTH), CATV and x-DSL.
Economical system design and higher capacity, higher data rate transmission over a band-limited channel are, therefore, major concerns for satellite access network. User terminals with a high efficient power transmitter as well as a compact antenna and also a satellite payload with high efficient power transmitters are indispensable to construct an economical two-way satellite system.
In this context, employing M-ary communications systems to play a key role as an signals is effe e QA
M-ary Modulation Technology
ctive for realizing broadband transmission for a frequency band-limited system. However, an M-ary modulation scheme is generally vulnerable much more than a QPSK scheme against thermal noise and nonlinear distortion especially occurred in power devices. In addition, nonlinear distortion affects adjacent channels and degrades their transmission quality. As a result, a higher carrier-to-noise power ratio (CNR) and low distortion are required to realize a specific transmission quality. The backoff is thus required for a practical power amplifier to attain an acceptable level of distortion. This leads to the fact that the available power from a power amplifier becomes lower than the maximum power and the power efficiency decreases. That is the main reason why the M-ary system has not been used for a power-limited system. This fact is an unavoidable issue for realizing an inexpensive satellite communications system.
To find the solution against the issue must be a breakthrough for economical high performance system construction.
Hence, in this paper, main focus is placed on th M signal transmission system, in which nonlinearity becomes a problem. We propose a new system that can provide a higher data rate transmission with high power-efficiency, employing with a re-configurable 16QAM modulation scheme and a phase power combining technology. Then, on the basis of this configuration, we perform a theoretical study on transmission characteristics over a Gaussian noise and nonlinear distorted channel and then evaluate the performance, comparing with the conventional systems. Also the effect of variation of system elements on total performance and allowable requirements for element performance are investigated.
An M-ary communication (communication using M
RPs and /or receiving antenna diameters, because of its ASK), mul symbols) is an effective way to increase transmission capacity, since each M-ary symbol carries as much information as log 2 M bits. However, it requires higher transmitted EI intrinsic sensitivity to noise and interference. In addition, it is more sensitive to nonlinear distortion. Thus, M-ary signaling provides us with additional means of trading the transmission rate, transmission bandwidth, and transmitted power.
Several types of M-ary signaling are proposed. They are multi-amplitude signaling (M ti-phase signaling (MPSK) and multi-tone signaling (MFSK).
back-off (OBO).
In this paper, main focus is placed on a QAM scheme and a new type of power efficient 16QAM system is proposed and discussed.
Nonlinear Characteristics of Power Amplifier
In MFSK, the transmitted power decrease M. However, the t 
whe s (TWT) or solid-state power amplifiers (SSPA At the device input, any signal envelope fluctuat (amplitude modulation) undergo a nonline transformation and thus result in amplitude distor at the device output. Hence, a H inear region would not be the optimum power amplifier choice for an amplitude-based modulation scheme such as QAM.
AM-to-PM conversion is another phenomenon common to nonlinear devices. Fluctuation in the the system's entire bandwidth.
However, the backing off to the linear region leads to lower the output power. Supplied power is severely limited in most satellite communication systems and most of the consumption power is dissipated in the HPA. Thus, the inefficiency associated with linear power amplification stages are expensive to bear. Therefore, it is important to raise the power efficiency and lower the power consumption of HPA to realize an economical system construction.
Performance Degradation due to Nonlinearity
The conventional 16QAM system configuration is shown in Fig. 3 . Two independently amplitude-modulated carriers in quardrature are summed after modulation and then high power amplified. Figure 4 depicts the assumed HPA characteristics, which represent a typical SSPA. Table 1 summaries the gain compression, the phase shift, and the third IM (IM3) at three backed-off conditions, that is 0dB output backed off (OBO), -1dB OBO, -2dB OBO, and -3dB OBO. Thus, in this study, the concatenated coding composed of a convolutional coding and a Reed-Solomon (R-S) coding are used for correcting random errors and burst errors. Also, the pragmatic trellis coded modulation 1 is employed to improve the coding gain.
Transmission Analysis of Conventional System
Fig.5 System configuration for transmission analysis Figure 5 shows the system model for the transmission analysis. It is composed of the outer coder, the interleaver, the inner coder, the modulator, the demodulator, the Viterbi decoder, the de-interleaver, the outer decoder, a nonlinear element, and an additive white Gaussian noise (AWGN) channel.
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1.E-02 Figure 6 shows the effect of this FEC (R=3/4 with the pragmatic trellis coded modulation) on the conventional 16QAM system in linear operation. It is seen that a coding gain of 4.4dB is obtained at BER=1e-5.
The transmission performance of the conventional system is also evaluated under various nonlinear conditions. To understand the effects of nonlinearity and FEC on signal transmission, BER Then, to achieve the quasi-linear performance, FEC by itself is insufficient to compensate the distortion. Additionally, a specially tailored linearized HPA must be employed or the HPA must be backed-off below 3dB OBO. The latter case causes output power decrease and low power efficiency.
performance is investigated for three backed-off conditions, 0dB output backed off (OBO), -1dB OBO, -2dB OBO, -3dB OBO. Figure 7 shows the signal constellation at the 0dB OBO. The signal constellation on the nonlinear channel is deformed by AM-AM and AM-PM conversion and the original constellation is no longer maintained as shown in Fig.7 .
Superposed 16-QAM Technology Figure 8 shows the BER performance versus Eb/N0 for different operating conditions. The performance for linear operation is also shown in the same figure. It is seen that the BER performance degrades remarkably due to the nonlinearity of HPA.
A conventional 16-symbol (M=16) QAM signal waveform can be generated by using two quardrature-balanced modulators as shown in Fig.3 . On the other hand, a 16-QAM signal can also be realized with two QPSK modulators with 6 dB different levels as sketched in Fig. 9 2 . The QPSK signals from two QPSK modulators have a constant envelope, and are less sensitive to AM-AM conversion generated in a nonlinear device that follow modulators. Therefore, special attention has to be paid only to the phase distortion given by each HPA.
Even at the -3dB output backed-off point, BER performance degrades by 0.8dB of Eb/N0, compared with the linear operation. The proposed new system of 16QAM signaling is illustrated in Fig. 10 . The modulation is done by the superposed technology instead of conventional amplitude modulated signals. The system incorporates two conventional QPSK modulators and Microwave circuits are other candidates for power combining process. But they provide an insertion loss and then reduce the transmitted power. On the other hand, the phase array technology enables the efficient power-combining process.
New System with Superposed 16-QAM

Configuration
Phase Compensation
As discussed in the earlier section, FEC by itself is not enough to correct the errors caused by nonlinear distortion. To improve a transmission performance, a phase shifter is necessary to compensate the phase deviation, which is generated in an HPA.
In the conventional system configuration, two independent signal waveforms are amplitude-modulated and the resultant signal envelope is fluctuating. Therefore, it is difficult to compensate AM-PM conversion. On the other hand, in the superposed modulation scheme, two signal waveforms show constant envelope. Thus, it is easy to carry out phase adjustment separately to compensate the phase rotation. As a result, we can maintain the original signal constellation and can expect to obtain the transmission performance very close to the linear operation.
In the new system, the 4-level amplitude modulators are not necessary and then the severe requirements for the modulation can be relaxed compared with the conventional 16QAM system. In addition, a power amplifier, which follows the modulators, can be operated near a saturation region because the AM-PM conversion can be canceled.
In addition, for giving different trade-offs between power and spectrum efficiency, many transmission modes, besides 16-QAM, might be required. The new proposed system configuration is re-configurable and can be compatible with other modulation scheme. For example, the 16QAM mode can be easily re-configured to two separate QPSK modes as shown in Fig.11 .
Thus, this unique feature contributes to improving the power efficiency of the system and also enabling economical and flexible communication equipment.
Transmission Performance due to Gain and Phase Errors in Superposition
In the new system, a 16QAM signal waveform is synthesized by separately produced two QPSK signals. The QPSK signals are power-combined by the phase array technology.
If setting errors exist as for gain and phase in the combining process, the resultant output signal is distorted.
To investigate the effect of the adjustment errors, the transmission performance is analyzed for various gain and phase errors. The signal constellation is distorted due to the errors as shown in Fig. 12 . Figure 13 shows the BER performance without FEC versus various gain and phase errors at an E b /N0 of 12dB. As a matter of course, BER degrades according to the deviation from the ideal condition.
The BER performance with FEC is also investigated to study the effect of error correcting code on vector-sum setting errors and is shown in Fig. 14. The previously mentioned concatenated coding, which is composed of an R-S coding and a convolutional coding, is employed.
It is seen from Fig. 13 and Fig 1.E-05
1.E-02
1.E-01 Fig. 14 Effects of gain error and phase error in power combining process on 16 QAM signal BER performance with FEC (R=3/4) contributes effectively to correcting the adjustment errors in the vector-sum process of the superposed 16QAM.
Evaluation and Discussion
In the proposed system, two HPAs are required. However, it is possible to drive two HPAs near the saturation region.
In the conventional system configuration, although the BER performance becomes better with the backoff increase, however, the consumption power increases. At the -3dB OBO point, the HPA power efficiency becomes down to about half of that at the saturation point.
From Fig. 8 , the performance change versus output backoff is obtained. The required Eb/N0 for achieving the BER of 1e-4 decreases and also the consumption power decreases as backoff increases. Table 2 demonstrates the comparison of the consumption power between the proposed system and the conventional one.
The new system employing with the superposed 16QAM with a power combining technology can operate on high power amplifiers driven saturation region. As a result, the total power efficiency is remarkably improved compared with the conventional system in which a HPA is driven in its backed-off linear region. Table 2 , it can be seen that 1.5dB of gain error and 6 degrees of phase error are allowable to use the new system. Therefore, the proposed 16QAM with two-QPSK superposition and a power combining technology can be realized in a practical system.
Conclusion
This paper presented a new satellite communication system that is composed of a re-configurable 16QAM modulation scheme and a phase power combining technology instead of using two amplitude-modulated carriers in quardrature. The system incorporates conventional QPSK modulators and combines their output signals in a phased array manner to realize a 16QAM signal. Thus, it can operate on high power amplifiers driven saturation and the severe requirements for the modulation can be relaxed compared with the conventional 16QAM system. This paper also presented theoretical studies on the signal transmission characteristics of the system and the investigation results, compared with the conventional system. Moreover, on the basis of a specific system example, allowable gain and phase errors in power combining process were derived. It is found from this study that the proposed system can improve the power efficiency remarkably. This unique feature contributes to improving the power efficiency of the system and enables an economical communications system construction.
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